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Objectives. The objective of this study was to show elevations in
septal shear stress in response to morphologic abnormalities that
have been associated with discrete subaortic stenosis (SAS) in
children. Combined with the published data, this critical connec-
tion supports a four-stage etiology of SAS that is advanced in this
report.
Background. Subaortic stenosis constitutes up to 20% of left
ventricular outflow obstruction in children and frequently re-
quires surgical removal, and the lesions may reappear unpredict-
ably after the operation. The etiology of SAS is unknown. This
study proposes a four-stage etiology for SAS that I) combines
morphologic abnormalities, II) elevation of septal shear stress,
III) genetic predisposition and IV) cellular proliferation in re-
sponse to shear stress.
Methods. Morphologic structures of a left ventricular outflow
tract were modeled based on measurements in patients with and
without SAS. Septal shear stress was studied in response to
changes in aortoseptal angle (AoSA) (120° to 150°), outflow tract
convergence angle (45°, 22.5° and 0°), presence/location of a
ventricular septal defect (VSD) (3-mm VSD; 2 and 6 mm from
annulus) and shunt velocity (3 and 5 m/s).
Results. Variations in AoSA produced marked elevations in
septal shear stress (from 103 dynes/cm2 for 150° angle to 150
dynes/cm2 for 120° angle for baseline conditions). This effect was
not dependent on the convergence angle in the outflow tract (150
to 132 dynes/cm2 over full range of angles including extreme case
of 0°). A VSD enhanced this effect (150 to 220 dynes/cm2 at steep
angle of 120° and 3 m/s shunt velocity), consistent with the high
incidence of VSDs in patients with SAS. The position of the VSD
was also important, with a reduction of the distance between the
VSD and the aortic annulus causing further increases in septal
shear stress (220 and 266 dynes/cm2 for distances of 6 and 2 mm
from the annulus, respectively).
Conclusions. Small changes in AoSA produce important
changes in septal shear stress. The levels of stress increase are
consistent with cellular flow studies showing stimulation of
growth factors and cellular proliferation. Steepened AoSA may be
a risk factor for the development of SAS. Evidence exists for all
four stages of the proposed etiology of SAS.
(J Am Coll Cardiol 1997;30:247–54)
©1997 by the American College of Cardiology
Recent technologic developments in genetic screening and
therapy have provided accumulating evidence supporting a
basic hypothesis: that the etiology of many congenital heart
defects is traceable to genetic predisposition to a core lesion
that may be triggered if exposed to environmental factors at a
vulnerable period of development (1,2). Extensive work has
been done demonstrating the role of biochemical factors as
environmental triggers. For example, Nora et al. (3) demon-
strated as early as 1968 that the C57BL/6 mouse strain is
predisposed to ventricular septal defect and that injection of
dextroamphetamine at a specific point in fetal development
(day 8) elevates the occurrence of ventricular septal defects
(VSD) from 1% to 11%. Additional work has shown a range of
effects on fetal development due to exposure to factors related
to diabetic imbalances and maternal drug abuse (4).
Mechanical stress effects on endothelial cells have been
widely investigated in the setting of atherosclerosis in adults
(5–11). In the pediatric setting, cellular changes due to me-
chanical stress in pulmonary vascular disease have been re-
ported (12–17). Studies of mechanical stress effects on cells
inside the cardiac chambers, however, have been limited
mainly to studies of pressure forces and their role in the
development of myocardial hypertrophy (18). Shear stress
effects, a specific type of mechanical stress, have been shown to
produce dramatic effects on vascular cells (19–27), but have
not been investigated within the cardiac chambers.
Relation between morphology and stress. Cardiac morpho-
logic growth and development is a dynamic process from its
embryonic stages, throughout infancy and into the adolescent
years. Relatively small alterations in morphology can produce
important changes in fluid dynamic forces such as shear stress.
All cells exposed to blood flow experience some normal level
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of shear stress, and it is now well known that cellular morphol-
ogy and biochemistry adjust to accommodate abnormal shear
stress (28). Therefore, because normal cardiac growth is
associated with an inherent progression of shear stress and
cellular response, it is reasonable to postulate that deviations
from normal morphologic development will lead to altered
shear stress on the involved chamber surfaces with secondary
changes in cellular morphology and biochemistry.
Subaortic stenosis. As an initial test of this potentially
important concept in the setting of pediatric heart disease, we
performed an analysis of discrete subaortic stenosis (SAS) in
children, which has been the subject of considerable recent
attention and controversy (29–66). We chose to study SAS
because 1) it is believed to be an acquired and progressive
lesion; 2) it is found in association with other congenital heart
defects and morphologic abnormalities; and 3) a significant
number of children may benefit from an improved understand-
ing of its etiology (SAS constitutes up to 20% of left ventricular
outflow obstruction in children and frequently requires surgical
removal, and the lesions may reappear unpredictably after the
operation). Although SAS can occur as an isolated entity, 60%
to 70% of cases are associated with other congenital heart
defects. The most common associated lesion is a VSD that is
usually in the perimembranous region and is found in up to
35% of cases (30–32). In addition, recent clinical studies have
revealed more subtle morphologic abnormalities, which have
been associated with SAS in the absence of congenital heart
defects. Of particular interest is a steeper aortoseptal angle
(AoSA) measured from two-dimensional echocardiographic
images (Fig. 1), which has been identified in these patients by
another center (58) and confirmed in our study group (com-
panion paper [67]). It was shown that the AoSA ranges
between 150° and 120°, with normal patients having an AoSA
near the former value of 150° and patients with SAS having the
steeper angle.
The published data describing morphologic abnormalities,
genetic predisposition to SAS (see Discussion) and the ability
of cells to proliferate in response to shear stress (see Discus-
sion) all lead to a specific question: Do the morphologic
abnormalities associated with SAS cause significant alterations
in septal shear stress? An affirmative answer would complete a
four-stage etiology, which we propose and illustrate in Figure
2. Associated morphologic abnormalities (I) result in altered
septal shear stress (II), which triggers a genetic predisposition
(III), leading to proliferation of cells/structure in the outflow
tract (IV). The primary morphologic abnormalities may also
have a genetic basis, of course. Thus, we have placed a return
arrow between stages III and I in Figure 2.
The purpose of this report is to propose and support this
hypothesis. The published reports clearly show that morpho-
logic abnormalities are associated with SAS, that genetic
predisposition is possible and that cells will proliferate when
exposed to abnormal levels of shear stress. Using morphologies
defined in a clinical review of patients with SAS (67), this study
provides evidence for the critical stage II in the proposed
etiology.
Abbreviations and Acronyms
AoSA 5 aortoseptal angle
SAS 5 subaortic stenosis
VSD 5 ventricular septal defect
Figure 1. Schematic of long-axis parasternal echocardiographic view
illustrating the AoSA. The AoSA is the angle formed by the long axis
of the ascending aorta and the plane of the ventricular septum. The
midline axis of the aortic root is constructed by bisecting the root at
the level of the aortic annulus and above the sinotubular junction. The
midline axis of the septum is constructed by bisecting the septum at the
level of the mitral leaflet tips and 2 cm apically from that point. IVS 5
interventricular septum; LA 5 left atrium; LV 5 left ventricle.
Figure 2. A proposed four-stage etiology for the development and
progression of discrete subaortic stenosis.
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Methods
Choice of experimental method. The biochemical and ge-
netic responses of cells exposed to stress have been established
in simplified, usually flat plate, flow models (19–27). The key
to connecting these cellular phenomena to clinical observa-
tions is a fluid dynamic study that models the morphologic
abnormalities observed in association with SAS and analyzes
the resultant shear stresses. Despite the availability of related
variables such as velocity by Doppler echocardiography (which
may allow ultimate clinical indexing of these effects), no clinical
tool that allows for direct measurement of shear stress cur-
rently exists. We therefore chose standard fluid dynamic
modeling studies that use the Navier-Stokes equations of
motion. The utility of this approach as an aid to understanding
clinical phenomena is described in a recent editorial (68).
Fluid dynamic modeling. We explored the effect of AoSA,
VSD and convergence angle (formed by the anterior mitral
leaflet) on septal shear stress by implementing a fluid dynamic
model on a Cray C90 Supercomputer (Pittsburgh Supercom-
puting Center). FIDAP (Fluid Dynamics International) com-
putational software was used for the mathematic modeling.
This approach implements a finite element solution of the
Navier-Stokes equations of motion:
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yielding velocity and pressure fields within the model chamber.
In these equations, r 5 fluid density; g is the gravitational
constant; m 5 fluid viscosity; P 5 pressure; and v 5 velocity
with subscripts x, y and z denoting the three orthogonal
directions in the Cartesian coordinate system. This set of
differential equations arises from a momentum balance on
fluid elements in the flow field subject to prescribed boundary
conditions.
Shear stress. Wall shear stress is defined universally as the
product of fluid viscosity and the first derivative of the velocity
component parallel to the wall with respect to the dimension
perpendicular to the wall,
t 5 m
­vx
­y u y50 , [2]
where t is the shear stress; m is the fluid viscosity; v is the
velocity component parallel to the wall in the x direction, and
y is the dimension perpendicular to the wall. Shear stress exists
throughout a chamber or vessel lumen, and taking it at y 5 0,
as shown, defines wall shear stress.
Experimental conditions. We have selected a relatively
simple model design to examine the interaction between
relevant variables. Figure 3 shows a schematic of the chamber
used to investigate the role of AoSA, VSD and the conver-
gence angle produced by the anterior mitral leaflet. The
Navier-Stokes equations were solved in the two-dimensional
plane of solution as shown, which corresponds to the paraster-
nal long-axis view obtained from the echocardiogram, produc-
ing a velocity vector field that was used to calculate septal shear
stress using the wall shear stress equation 2. The following
chamber dimensions were established based on our review of
the echocardiograms of patients with SAS (67). As a baseline
case, the anteroposterior dimension of the ventricle was 2 cm;
the diameter of the aortic annulus was 1.2 cm; and the
convergence angle was 45°. Mean velocity at the aortic annulus
was 0.8 m/s. The AoSA varied from 150° to 120° in 10°
increments. The effect of convergence angle was tested by
adjusting it from 45° to 22.5° and 0° (the limiting case of a
straight tube with only a bend representing the AoSA). After
these studies of the effect of AoSA and convergence angle, a
3-mm orifice was added to the septal wall representing a
perimembranous VSD. This dimension was chosen as a repre-
sentative value based on our measurements in patients. The
VSD was studied at locations 2 mm and 6 mm from the
annulus, and VSD velocities of 3 m/s and 5 m/s were examined.
The interplay of each of these factors with AoSA was assessed.
Results
Figure 4 shows a vector map of velocities in the outflow
tract of the baseline model with the AoSA at 120°. The
following general fluid dynamic characteristics are evident in
this figure and hold for all studies. The velocity profiles are
relatively flat because of the converging nature of the outflow
tract. A gradient in velocity extends from the septal wall (top of
Fig. 4), and the slope of this velocity profile determines the
shear stress by equation 2. Slight acceleration is experienced
along the wall owing to the AoSA, and this is represented by
the steep velocity gradient near the wall (first set of vectors on
the left), which becomes less steep beyond the bend (second
and subsequent sets of vectors to the right). Past the bend, the
near wall velocity profile is redistributed and a fall in wall shear
stress is expected. A plot of shear stress versus distance along
the septal wall should reveal a peak in the vicinity of the AoSA,
Figure 3. Schematic of chamber geometry used for finite element
modeling. Note that a decreased value of the AoSA implies a steeper
angle; a decreased convergence angle implies less convergence in the
outflow tract.
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whether it is relatively normal (near 150°) or steep (near 120°).
In the following results, we show this well-defined peak and
examine its changes in response to relevant morphologic
variations derived from our clinical studies.
Effect of aortoseptal angle. Variations in AoSA within the
range of values observed in patients produce marked changes
in septal shear stress. Figure 5 shows septal shear stress for the
baseline chamber dimensions and all four AoSA. Moving from
left to right, normal shear stress of the order of 20 dynes/cm2
begins to increase as the bend is approached. For a normal
AoSA of 150° the shear stress peaks at 103 dynes/cm2 (Fig. 5
and 6). The relatively subtle difference in AoSA from 150° to
120° produces a dramatic increase (50%) in septal shear stress
(to 150 dynes/cm2). Perhaps of greater importance than the
relative (%) change in shear stress is the magnitude of the
change. Previous work using cultured endothelial cells in
simple flow systems has demonstrated significant changes in
growth factors and cellular proliferation as a result of increas-
ing shear by only 20 to 30 dynes/cm2 (19–27). These studies
showing an increase of the order of 50 dynes/cm2, as a result of
increases in AoSA defined in two independent clinical studies,
are therefore very supportive of the concept that shear stress
plays a role in the etiology of SAS.
Effect of convergence angle. Variations in convergence
angle produced by the anterior mitral leaflet were not found to
add significantly to shear stress. This is important because,
unlike AoSA, which is statistically different in patients with
SAS compared with normal patients (67), the convergence
angle can vary significantly in all patients. If septal shear stress
was highly dependent on convergence angle as well as AoSA,
it would counter the shear stress hypothesis. Figure 7 shows
peak septal shear stress for convergence angles of 45°, 22.5°
and 0°, using the steepened AoSA model (120°), which is
associated with elevated stress. The values—150, 142 and 132
dynes/cm2—are minimally different compared with the
changes observed in response to steepened AoSA, and indeed,
flattening the angle from the baseline condition (moving it
toward the extreme case of 0°) only serves to slightly lower the
stress. For a normal AoSA of 150°, flattening the convergence
angle from 45° to 0° serves to decrease the peak shear stress
further (103 to 65 dynes/cm2 for 45° and 0°, respectively). The
relatively low values for the normal AoSA and extreme 0° case
Figure 4. High resolution vector map of outflow tract velocities.
Velocity profiles are relatively flat in the outflow tract because of the
convergence imposed by the anterior mitral leaflet. A steep velocity
gradient adjacent to the septum at the AoSA (upper wall, first profile
on the left) produces a peak in septal shear stress (see equation 2).
This gradient gradually tilts in (or down, in figure) in subsequent
profiles, causing shear stress to decrease beyond the AoSA.
Figure 5. Septal shear stress versus distance along the septum. Septal
shear stress profiles are shown for all four AoSAs (squares 5 120°;
circles 5 130°; triangles 5 140°; plus signs 5 150°) in these results for
baseline conditions: mean aortic velocity 5 0.8 m/s; convergence
angle 5 45°; aortic annulus diameter 5 1.2 cm; anteroposterior
ventricular dimension 5 2 cm.
Figure 6. Peak septal shear stress. All four AoSAs are shown for the
same baseline conditions as those in Figure 5.
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(65 dynes/cm2) are expected because with no convergence, the
profiles are more developed (and less flat) than those in Figure
4, such that the velocity gradients near the wall are less steep
than those with convergence. In summary, elevated shear stress
caused by steepened AoSA is not affected by reducing conver-
gence angle. For normal AoSA, reducing the convergence
angle from the baseline produces a decrease in shear stress,
such that this factor does not interfere with the proposed role
of AoSA.
Effect of VSD. The presence of a VSD caused marked
augmentation of the elevated shear stress produced by AoSA.
This effect was greater as the VSD was positioned closer to the
annulus. Figure 8 shows a comparison of peak septal shear
stress obtained for the steepened AoSA model (120°), with and
without the VSD. Peak shear stress was increased from 150
dynes/cm2 without VSD to 220 dynes/cm2 for a shunt–annulus
distance of 6 mm, and to 266 dynes/cm2 for a shunt–annulus
distance of 2 mm. Increasing shunt velocity from 3 to 5 m/s
further augmented the peak stress to a value of 320 dynes/cm2.
The effect of velocity is independent of shunt flow rate: a 3-mm
VSD with a velocity of 3 m/s produces a peak shear stress of
220 dynes/cm2, compared to a 6-mm VSD with a velocity of
0.75 m/s, which produces a peak shear stress of 189 dynes/cm2
despite an equivalent flow rate. Adding a VSD to a normal
angle produced similar relative increases in septal shear stress
when compared to the steepened angle (51% for 150° and 46%
for 120°, VSD to annulus distance 5 6 mm).
Discussion
This study was an initial test of a four-stage etiology of
discrete SAS (Fig. 2), which hinges on the general hypothesis
that shear stress acts as a trigger at vulnerable periods of
development. This study confirms the critical stage II of this
etiologic model by demonstrating that clinically validated
morphologic abnormalities (such as steepened AoSA) and
congenital heart defects (such as a VSD) affect septal shear
stress in the direction and magnitudes that have been linked to
cellular growth factors. Stage I has been supported by numer-
ous clinical studies. Stages III and IV (genetic predisposition
and the ability of cells under stress to proliferate) are now
discussed.
The genetic component (stage III). It is not completely
clear if there is a genetic predisposition to SAS that leads some
children to develop obstruction and require subsequent surgi-
cal treatment, but evidence does exist. Prospective studies with
familial SAS in Newfoundland dogs demonstrated that SAS
develops postnatally but has a specific genetic pattern of
inheritance (62). Familial occurrence of SAS in humans has
also been reported (63–65). We speculate that a genetic defect
may first lead to observed but subtle morphologic abnormali-
ties, which in turn lead to altered shear stress. Elevated shear
stress triggers a basic genetic predisposition to developing SAS
and cellular proliferation occurs. In view of the relatively small
number of genetic findings on this topic, compared with the
large number of studies on the topic in general, the genetic
component of genetic–environmental interaction may be small
for SAS. If it does not exist, the proposed four-stage etiology
easily collapses into a three-stage etiology.
The cellular component (stage IV). An extensive body of
data has emerged in the setting of cardiovascular pathophysi-
ology, which links regions of high and low shear stress to
localization of obstruction. The role of fluid dynamics in
Figure 7. Peak septal shear stress. For steepened AoSA (120°), which
has already produced elevated stress for the baseline flow conditions
(45°), reducing convergence angle (to 22.5°, then to 0°) does not add to
peak stress levels. Slight diminishment is observed.
Figure 8. Peak septal shear stress. Elevated peak shear stress due to
steepened AoSA under baseline conditions is shown in the left bar.
Addition of a 3-mm VSD with 3 m/s velocity, with the basal edge
located 6 mm from the aortic annulus, enhances septal shear stress
(middle bar). Positioning the VSD at 2 mm from the annulus (closer
to the AoSA) has a greater effect (right bar).
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atherogenesis, for example, has been widely investigated and
was initiated by observations that these obstructions occur in
locations such as bifurcations where complex flow fields would
be expected (5–7). This motivated numerous studies that
associated high shear stress with cellular growth factors (8–10)
and studies that directly demonstrated increased migration and
proliferation of cultured endothelial cells in response to ele-
vated shear stress (11). In apparent contrast to these studies,
another work implicated low shear stress as a primary factor in
the development of obstruction (69). Low shear was shown to
inhibit the rate of transport of lipids (70) and C-4-cholesterol
(71) across the arterial wall, and the gradual accumulation of
lipids is known to be an initial step in atherogenesis (7).
Obstruction has also been linked to regions of low shear
through the mechanism of platelet aggregate accumulation
and adhesion to the subendothelium, leading to proliferation
of smooth muscle (72–74). Although high and low shear stress
hypotheses seem to conflict, Wurzinger et al. (75) have pro-
vided a composite explanation citing both high and low shear
stress. In summary, regions of abnormal shear stress have been
strongly linked to the development of obstruction in vascular
circulatory disease.
The analogy to SAS is compelling. Although there is not
gradual accumulation of lipids and plaque development in a
pediatric heart, there is a subendothelial layer with altered
biochemical content, proliferated smooth muscle with thick-
ened basement membranes and a central fibrous layer with
large amounts of collagen and small amounts of elastic fibers
(46). The predominance of collagen in these SAS lesions may
be further analogous to recent explanations of arterial degen-
eration, which indicate that cyclic stress fatigue may cause
transfer of stress from elastin to collagen fibers, resulting in
remodeling by the cellular elements of the wall because elastin
is understood to be relatively inert (76,77). Although clearly
distinct, the basic predominance of collagen in SAS is consis-
tent with other stress-related hypotheses. Ongoing studies in
our laboratory are investigating the effect of shear stress on
endocardial cells.
Previous work. Although no systematic fluid dynamic stud-
ies of the etiology of SAS have been reported, echocardio-
graphic studies of patients with SAS have led some investiga-
tors to speculate that abnormal fluid dynamics may lead to SAS
(39,40,61,78). Although these authors were limited in their
definition of abnormal fluid dynamic factors by the use of
clinical ultrasound instruments, it is important to recognize
that the current hypothesis implicating fluid dynamic phenom-
ena based on associated abnormalities would be consistent
with and explain observations made by other investigators
reporting clinical data.
Clinical implications. The immediate implications of this
study, our clinical review (67) and the work of Kleinert et al.
(40) relate to the identification of patients at risk for SAS.
Patients with VSD will already have undergone routine echo-
cardiographic examination, and therefore could potentially be
screened for the risk of SAS. This idea is supported by the high
incidence of VSDs in patients with SAS, and the current study
suggests steepened AoSA as a possible echocardiographic risk
factor. Furthermore, a better understanding of the concept of
shear stress and its possible role in the etiology of intracardiac
lesions may lead to improved surgical planning and techniques.
Study limitations. Use of a two-dimensional plane of so-
lution corresponding to the parasternal long-axis view will not
include three-dimensional effects such as secondary flows.
However, secondary flow effects produced by the AoSA must
necessarily occur distal to the AoSA, at points where the shear
stress has fallen well below its peak. Three-dimensional char-
acteristics of convergence in the outflow tract would cause
septal shear stress to be more sensitive to changes in AoSA;
thus, the choice of a two-dimensional plane of solution predis-
poses our hypothesis to failure, so our conclusions are
strengthened by this limitation.
Conclusions. Small changes in AoSA produce important
changes in septal shear stress. The range of angles studied is
consistent with clinical observations in normal subjects and in
patients with SAS. The levels of stress increase are consistent
with cellular flow studies showing stimulation of growth factors
and cellular proliferation. Therefore, abnormal AoSA may not
only be correlated with, but may also be a risk factor for the
development of SAS with mechanistic underpinnings. Further-
more, abnormal shear stress added by a VSD may help explain
the high association of VSDs and SAS. It is speculated that
mechanical stresses have varying levels of importance as a
child’s heart grows, acting at vulnerable periods of develop-
ment.
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